Introduction
Terminal dierentiation of many disparate tissues and cell types follows a common path. Precursor cells ®rst commit to a particular dierentiation program, which is marked by expression of early dierentiation markers. In some tissues, commitment can be followed by a period of clonal expansion. Alternatively, the committed precursors can immediately proceed to withdraw from the cell cycle. In contrast to entry into quiescence, this withdraw is irreversible, and in most cases dierentiated tissues or organs are unable to reenter the cell cycle even under ideal growth conditions. At the time of the cell cycle exit, the dierentiating cells also become more resistant to apoptosis and begin to induce expression of late tissue speci®c genes. Morphological changes follow until fully dierentiated phenotype is acquired.
The dierentiation process, including cascades of induction of gene expression and the morphological changes, has been described in detail for many tissue types both in vivo and in vitro (recent reviews include: Arnold and Winter, 1998; Calof, 1995; Chitnis, 1999; Cossu et al., 1996; Darlington et al., 1998; Yun and Wold, 1996) . Less is known about how is the orderly progression through all the dierentiation steps regulated at the molecular level. The early differentiation genes expressed in committed precursors are in most cases tissue speci®c transcription factors required for activation of later genes essential for full dierentiation. Typically, even though these early transcriptional activators are present in the precursors before the terminal cell cycle withdraw, the late dierentiation markers are not expressed until cells become post-mitotic. Terminal cell cycle exit seems to be required in order to activate tissue speci®c gene expression. It follows that cellular mechanisms must exist to coordinate these two processes and prevent onset of dierentiation before precursor cells are fully arrested (reviewed in Lassar et al., 1994) .
In recent years evidence has been accumulating that the retinoblastoma tumor suppressor protein pRB, and the closely related p107 and p130 proteins play important roles in many stages of the dierentiation process, including regulation of clonal expansion, terminal cell cycle exit, induction of tissue-speci®c gene expression, protection from apoptosis and maintenance of the post-mitotic state. They may also help coordinate orderly progress through all the dierentiation stages.
The Rb family pRB, p107 and p130 constitute the`pocket protein' family of cell cycle regulators (recent reviews include: Grana et al., 1998; Mulligan and Jacks, 1998; Nevins, 1998) . Despite close similarities between the family members, only pRB has been demonstrated to have tumor suppressor properties, as the RB gene is found mutated in human tumors. The p107 and p130 genes are more closely related to each other (*50% sequence identity) than either is to Rb (30 ± 35% identity each). Rb and p107/p130 most closely resemble each other in the so-called`pocket region', which is composed of two domains designated the A and B boxes. While Rb has little similarity to the other family members outside of the pocket domain, p130 and p107 share a highlyconserved spacer domain between the A and B boxes. The spacer sequences are essential for the p107 and p130 proteins to bind cyclinA/cdk2 and cyclinE/cdk2 complexes (Mulligan and Jacks, 1998) . The highlyconserved pocket domain is crucial for binding and regulation of many cellular proteins, including E2F family of transcription factors. It is also necessary for binding by viral oncoproteins such as SV40 large T antigen, adenovirus E1A and human papilloma virus E7 protein (reviewed in Nevins, 1994) . The viral oncoprotein binding displaces cellular proteins interacting with the pocket family, leading to loss of the regulatory function.
Binding of the pRB, p107 or p130 pocket domain requires presence of a conserved LXCXE peptide motif on the target protein. The crystal structure of the pRB A/B pocket bound to HPV E7 9 amino acid peptide including the LXCXE motif has been recently solved . The peptide binds in a conserved grove in the B box, while the A box is necessary to stabilize B box structure. The A-B interface is also highly conserved, suggesting that it might contain another protein binding site. This is an especially interesting ®nding considering that many of the proteins interacting with pRB family members during development and dierentiation do not have an LXCXE sequence and seem to interact with dierent domains of pocket proteins than are required for E2F and viral oncoprotein binding.
Role in cell cycle regulation
The best characterized targets of the pocket proteins are members of the E2F family of transcription factors (reviewed in Nevins et al., 1997) . E2Fs act as heterodimers consisting of an E2F protein complexed with a DP binding partner. They regulate the timing and levels of expression of many genes involved in cell cycle regulation and progression. Their targets include genes encoding regulatory proteins such as cyclins A, E and D1, p107, E2F1, 4 and 5, cdk2 and cdc2 as well as multiple proteins involved in DNA replication (e.g., thymidine kinase, DHFR, DNA Pola and cdc6). Thus far, six members of the E2F and three of the DP family have been described (Grana et al., 1998) . The pRB family members show distinct binding preference for E2F family proteins, with p107 and p130 preferentially forming complexes with E2F4 and 5 while pRB is able to interact with E2F1-5. E2F6 is unable to bind the pocket proteins and its function is yet unknown (Cartwright et al., 1998; Gaubatz et al., 1998; Trimarchi et al., 1998) .
The pRB family proteins can regulate gene expression through E2Fs in two distinct ways. First, they are able to directly inhibit the positive transcriptional activity of bound E2F factors. Second, they recruit transcriptional repression complexes to promoters containing E2F sites. For example, pRB and p130 have been shown to directly interact with histone deacetylase (HDAC1) (Brehm et al., 1998; Luo et al., 1998; Magnaghi-Jaulin et al., 1998; Stiegler et al., 1998) . Binding of pRB/HDAC1 or p130/HDAC1 complexes to E2Fs directs deacetylase activity specifically to E2F-regulated promoters, leading to local remodeling of the chromatin structure to make it less accessible to transcription factors.
The dierential anity for E2Fs is just one demonstration of unique properties among the pRB family members. A characteristic that distinguishes p107 and p130 is the timing of their expression and interaction with the E2F family during the cell cycle (Nevins, 1998) . In quiescent G0 cells, the predominant E2F complexes consist of p130/E2F4. These complexes are thought to act as a transcriptional repressors of genes required for proliferation. As cells are stimulated to re-enter the cell cycle and progress through G1 and into S phase, levels of p130 protein decrease while p107 expression increases. By the time of S phase entry, p130/E2F4 complexes are entirely replaced by p107/ E2F4. In addition to E2F4, p107 complexes have been shown to also include active cyclinE/cdk2 or cyclinA/ cdk2. pRB is present in both quiescent and cycling cells, but its levels and E2F binding activity increase upon cell cycle re-entry. In G 1 pRB exists in an active, hypophosphorylated state and is complexed to E2Fs (reviewed in Weinberg, 1995) . Its predominant binding partners are E2F1 and 3. pRB is sequentially phosphorylated by cyclinD/cdk4 and cyclinE/cdk2 complexes at the G1/S transition. Hyperphosphorylation of pRB results in reduced anity for E2Fs leading to release of free E2Fs and dissociation of transcriptional repression complexes. Freed E2F proteins then activate transcription of genes necessary for S phase entry and progression.
Developmental phenotypes of knock-out mice
One of the earliest indications of the role of Rb in dierentiation was the phenotype of Rb 7/7 mouse embryos, generated by gene targeting (Clarke et al., 1992; Jacks, 1992; Lee et al., 1992) . These embryos die between 13 ± 15 days of gestation (E13 ± 15) with pronounced defects in erythroid, neuronal and lens development. These lineages seem to be capable of initiation of dierentiation, as they express early lineage speci®c markers in the absence of pRB function. However, in the Rb mutants, they fail to attain a fully dierentiated state. For example, erythrocytes are not eciently enucleated and levels of expression of some of the late neuronal differentiation markers (such as TrkA and B, p75
LNGFR and neuronal bII tubulin) (Lee et al., 1994) and of lens genes (such as b-and g-crystallins and MIP26) (Morgenbesser et al., 1994) are decreased in the Rb 7/7 embryos. Additionally, ectopic cell cycle entry and elevated apoptosis levels are apparent in the central and peripheral nervous system as well as in the ocular lens. This indicates that pRB might play a role in achieving and/or maintenance of post-mitotic state as well as in protection from apoptosis and induction of late dierentiation markers. The fact that Rb 7/7 embryos survive until mid gestation may suggest that p107 and p130 are able to at least partially substitute for the pRB function in other tissues. Surprisingly, pRB might be able to exert some of its developmental eects in a non-cell autonomous manner. Speci®cally, Rb
7/7
:Rb +/+ chimeras develop normally and show high contribution of Rb 7/7 cells to most or all tissues, including liver, muscle, erythrocytes and CNS (Maandag et al., 1994; Williams et al., 1994) . Despite a pronounced defect in erythropoiesis in E13.5 Rb 7/7 mouse embryos, Rb :Rb +/+ chimeras show distinct defects in the Purkinje and granular cells of the cerebellar cortex, as well as disorganized lens architecture and bilateral cataracts . The Rb 7/7 cells in E13.5 chimera embryo brain show ectopic cell cycle entry and have increased S phase population (K Macleod, MM Lipinski and T Jacks, 1999 unpublished results). The fact that some but not all phenotypes observed in Rb 7/7 embryos are suppressed in chimeras, suggests that a speci®c subset of pRB functions (possibly including suppression of apoptosis and augmentation of expression of tissue speci®c genes in neuronal cells) occurs in a non-cell autonomous manner while others (for example regulation of cell cycle exit) proceed in strictly cellautonomous way.
In contrast to the situation with Rb, on a 129/sv genetic background mice homozygous for either p107 or p130 mutations are normal and fertile (Cobrinik et al., 1996; Lee et al., 1996) , indicating that these proteins are either dispensable in embryonic development or are able to substitute for each other functionally. Construction of embryos doubly deficient for p107 and p130 has proven the latter to be the case (Cobrinik et al., 1996) . These animals are born in the expected numbers but die perinatally. p107
; p1307/7 neonates show pronounced defects in endochondral bone development associated with deregulated chondrocyte cell cycle exit. Thus, p107 and p130 seem to play a unique role in regulation of terminal cell cycle withdraw in vivo in at least this one tissue type. However, function of only one of these genes is necessary for proper development to occur.
The distinct roles of p107/p130 versus pRB in control of cell growth is also supported by in vitro studies. Mouse embryo ®broblasts (MEFs) mutant for both p107 and p130 show increased expression of several E2F-responsive genes, including B-myb, cdc2, E2F1, cyclinA2, thymidylate synthase (TS), ribonucleotide reductase subunit M2 (RRM2) and dihydrofolate reductase (DHFR) (Hurford et al., 1997) . These genes are different than the subset of E2F targets deregulated in Rb
MEFs, which include cyclinE and p107. These results suggest that dierent genes rely on dierent pocket protein family members for their normal expression and that pRB and p107/p130 play unique roles in E2F regulation. On the other hand, studies of Rb 7/7 and p130
MEFs also support models of functional substitution between pocket protein family members, as both of these types of cells show elevated p107 protein levels and increased p107/E2F DNA binding in G 0 (Cobrinik et al., 1996; Hurford et al., 1997) .
The phenotypes of double mutant Rb
7/7 embryos also support the notion that the Rb family members are able to substitute for one another during development (G Mulligan and T Jacks, 1999 unpublished results). Embryos of both genotypes have a phenotype similar to Rb 7/7 littermates but die 2 days earlier (E11-13) and have accelerated apoptosis in liver and nervous system. Therefore, in embryos de®cient only for Rb, p107 and p130 may ful®ll some of the functions of pRB to allow extended survival.
The phenotypes of mice de®cient for the Rb, p107 or p130 are aected not only by the presence of other family members but also by the genetic background. Speci®cally, while p130-de®cient mice on 129/sv genetic background are viable and normal, p130 7/7 embryos with genetic background enriched for Balb/cJ die in utero between E11-13 (LeCouter et al., 1998b) . These embryos show defects in neural and dermomyotomal structures, including decreased numbers of differentiated neurons and myocytes, increased apoptosis in the neural tube, brain and dermomyotome, and increased proliferation in the CNS structures. In addition, p107-de®cient mice enriched for Balb/cJ genetic background are viable, but shortly after birth display a transient growth retardation, and later in life develop myeloproliferative disorder characterized by ectopic myeloid hyperplasia in liver and spleen (LeCouter et al., 1998a) . MEFs and primary myoblasts isolated from Balb/cJ-enriched p107 7/7 mice show a twofold acceleration of the doubling time, with all the cell cycle phases uniformly shortened by half. These MEFs also constitutively express cyclinE and show accelerated upregulation of cyclins A, D1 and B1 upon cell cycle re-entry from G 0 . All of the phenotypes caused by p107 or p130 de®ciency on the enriched Balb/cJ background are lost upon single backcross with C57BL/6J mice. These results demonstrate that the extent to which p107 and p130 are required for cell cycle progression, development and dierentiation varies in a strain-dependent manner, suggesting existence of modi®er genes able to alter their function. Identi®cation of these modi®er genes will be very informative with respect to Rb family function in development.
Role in terminal cell cycle exit
The Rb family appears to be able to regulate terminal exit from mitosis through two distinct mechanisms. The ®rst follows directly from its role in regulation of the cell cycle and involves repression of E2F transcriptional activity. The second is unique to the dierentiation process and results from interaction with and augmentation of the activity of transcriptional repressors, of which the best characterized is HBP1.
Regulation of E2F activity
In most dierentiating tissues, including muscle, epidermis, neuronal tissue and various erythropoietic lineages, p107 and p130 expression levels and E2F binding activity are inverse to their regulation during cell cycle re-entry from G 0 (Callaghan et al., 1999; Ikeda et al., 1996; Kastner et al., 1998; Kiess et al., 1995; Paramio et al., 1998; Richon et al., 1997) . Cycling precursors show high levels of p107 protein and p107/E2F complexes. The majority of E2F involved has been identi®ed as E2F4 (Ikeda et al., 1996; Kastner et al., 1998) . As typical in proliferating cells, these complexes also contain cyclinA/cdk2. Levels of p130 are undetectable or very low under these conditions. In addition to E2Fs complexed to p107, there is also a considerable level of free E2F proteins. As cells enter the terminal mitosis and begin to exit the cell cycle, levels of p107 decline, while p130 increases until p130/E2F4 complexes fully replace those involving p107. At the same time, levels of free E2Fs decline and become very low in fully dierentiated cells. In some cell types, such as 3T3-L1 preadipocytes or embryo lung bud ®broblasts induced into adipocyte dierentiation, quiescent precursors undergo clonal expansion preceding cell cycle withdraw and full dierentiation (Chen et al., 1996a; Richon et al., 1997) . In these cases there is a temporary increase in p107/E2F and a decrease in p130/E2F complexes as precursor cells rapidly proliferate during the clonal expansion phase. Eventually, as the cells begin to withdraw from the cell cycle, p107 is again replaced by p130 as the main E2F binding partner.
Not all of p107 and p130 proteins associate with E2Fs during the dierentiation process. In myotubes, p107 and p130 have been shown to associate with CyclinD3, levels of which are speci®cally increased during myogenesis (Kiess et al., 1995) . The p130 complexes can also include cdk4 and cyclinE/cdk2. Formation of these multimeric complexes has been suggested to play a role in control of cyclinE/cdk2 activity in dierentiated cells and prevent cell cycle re-entry.
Regulation of pRB and its activity during differentiation appears much more complex and varies considerably among dierent tissues and cell types. In general, pRB levels do not change as dramatically upon dierentiation as is seen with p107 and p130. pRB is present in both the precursor cells as well as in fully dierentiated tissues. Its levels can either slightly increase (for example in muscle, erythroid and mouse embryonic carcinoma P19 cells dierentiating into neuroectoderm) (Condorelli et al., 1995; Kiess et al., 1995; Martelli et al., 1994; Slack et al., 1993) , remain constant (adipose, dierentiating rat lens ®ber cells) (Rampalli et al., 1998; Richon et al., 1997) or even decline (most neuronal dierentiation systems) (Callaghan et al., 1999; Kastner et al., 1998) . In all cases, however, pRB is found hypophosphorylated at the time of cell cycle exit. Consequently, independent of the total protein level, the amount of hypophosphorylated, active pRB increase at the onset of dierentiation. In several dierentiation systems, including quail retina, HL60 human promyelocyte cell line and mouse ES cells induced into neuronal dierentiation (Ikeda et al., 1996; Kastner et al., 1998) (MM Lipinski and T Jacks, 1999 unpublished results), a transient surge in pRB/E2F complexes coincides with cell cycle exit. This can result in rapid inactivation of all E2F species and has been proposed to be one of the mechanisms by which pRB induces terminal exit from mitosis.
Although pRB seems to play a unique role in the regulation of E2F activity during irreversible exit from mitosis, other pocket protein family members might be able to partly replace pRB in this process. Speci®cally, in in vitro cultured primary cortical progenitor cells and neural stem cells from the striatum of E12.5 Rb 7/7 embryo as well as in Rb-de®cient ES cells induced to dierentiate into neuronal fates, p107 seems to be able to partially substitute for the loss of Rb (Callaghan et al., 1999) (MM Lipinski and T Jacks, 1999 unpublished results). These cells are able to dierentiate into mature neurons but show a defect in exit from the cell cycle. During the dierentiation process, p107 protein levels are upregulated as compared to wild-type cells. In the Rb 7/7 cortical progenitors p107 has also been demonstrated to form complexes with E2F3, which in wild-type cells is found exclusively bound to pRB (Callaghan et al., 1999) . Inactivation of both p107 and p130 in the Rb 7/7 cells by expression of an E1A mutant only able to interact with the pocket family proteins leads to apoptosis upon induction of dierentiation. Therefore, other pRB family proteins are necessary for neuronal dierentiation and survival. Together, these results suggest that p107 might be the pocket protein which is able to partially compensate for the loss of Rb during neuronal dierentiation process. However, upregulation of p107 can not restore normal cell cycle exit or E2F regulation, as differentiating Rb 7/7 neuronal precursors exhibit elevated levels of free E2F1 and 3 and aberrant expression of E2F-inducible genes, including cyclins A and E and cdk2 (Callaghan et al., 1999) .
Protection from apoptosis
Regulation of E2F activity by pRB, p107 and p130 is also likely to play a role in protection of dierentiated tissues from apoptosis. It has been shown in both muscle and neuronal dierentiation systems that precursor cells are especially vulnerable to apoptotic death at the time of dierentiation (reviewed in Walsh, 1997) . However, as they exit the cell cycle and begin expressing tissue-speci®c markers, these cells become largely resistant to apoptosis inducing stimuli. This resistance correlates with induction of p21, a cyclindependent kinase inhibitor, and a decrease in pRB phosphorylation. It is also dependent on the presence of functional pRB, as Rb 7/7 muscle and neuronal cells show a marked increase in levels of cell death at the time of dierentiation as well as hypersensitivity to apoptotic stimuli when fully dierentiated (Wang et al., 1997) (MM Lipinski and T Jacks, 1999 unpublished results).
E2F1 has been shown to be unique among the E2F family members in its ability to induce apoptosis Field et al., 1996; Yamasaki et al., 1996) . It is possible that protection from apoptosis by pRB proceeds through binding and inactivation of E2F1 (Hsieh et al., 1997; Phillips et al., 1997) . Indeed, mouse embryos double mutant for Rb and E2F1, show signi®cant decrease in both ectopic cell cycle entry and apoptosis in the CNS and lens at E13.5 as compared to Rb 7/7 littermates (Tsai et al., 1998) . This implies that deregulation of E2F1 in the absence of pRB plays a signi®cant role in both of these defects. There is, however, a quantitative dierence in the extent of their suppression caused by loss of E2F1. While ectopic cell cycle entry is only partially reduced, the dierentiation-associated apoptosis in Rb 7/7
E2F1
7/7 embryos is almost at the wild-type level. This suggests that while other pRB targets must be also involved in regulation of terminal withdraw from mitosis, control of E2F1 activity is the main mechanism of Rb-dependent protection from apoptosis during mouse CNS and lens dierentiation. However, this mechanism is tissue type-dependent, as loss of E2F1 has less eect on cell cycle entry or apoptosis in Rb 7/7 embryo PNS. In contrast to PNS, cell death in the Rb 7/7 CNS and lens is also p53-dependent (Macleod et al., 1996; Morgenbesser et al., 1994) . It has been recently shown that E2F1 might be able to contribute to p53 regulation through induction of p19 ARF and inactivation of MDM2 (Hiebert et al., 1995; Kowalik et al., 1998; Pomerantz et al., 1998; Qin et al., 1994; Wu and Levine, 1994; Zhang et al., 1998) . Such a mechanism could account for the induction of cell death in many tissues lacking pRB function. In agreement with this model, embryos lacking both p19 ARF and Rb show reduced apoptosis in the developing lens as compared to Rb 7/7 littermates, demonstrating that cell death induced by loss of Rb in this tissue is at least partially p19 ARF -dependent (Pomerantz et al., 1998) .
Coupling of irreversible cell cycle exit to dierentiation
As evident from studies of Rb 7/7 embryos and cell lines, pRB in not required for commitment to developmental fate or expression of earliest differentiation markers. In most (if not all) lineages, these early markers are transcription factors capable of induction of tissue-speci®c promoters. However, as will be discussed later in more detail, these factors can show reduced activity in absence of pRB. Direct or indirect interaction with hypophosphorylated pRB can augment transcriptional activity, promoting tissue speci®c gene expression. In addition to activating genes necessary for dierentiation, MyoD, an early muscle transcription factor, and C/EBPa, an adipose-speci®c transcription factor, have been both shown to be able to directly or indirectly induce the expression of p21 (Guo et al., 1995; Halevy et al., 1995; Timchenko et al., 1996 Timchenko et al., , 1997 . p21 is also upregulated during neuronal and myeloid dierentiation, although the exact mechanism is unknown (Macleod et al., 1995) . Induction of p21 leads to inactivation of multiple cyclin/cdk complexes and allows pRB to remain hypophosphorylated and active. Hypophosphorylated pRB is capable of binding and inactivation of the E2F family proteins causing dierentiating cells to exit the cell cycle. pRB also activates the tissue-speci®c transcription factors resulting in further upregulation of expression of p21 and of genes necessary for continued dierentiation. This regulatory loop has been proposed as one of the methods in which pRB couples permanent exit from mitosis with tissue-speci®c gene expression (Figure 1a ).
Interaction with HBP1
In addition to forming complexes with E2F proteins, free hypophosphorylated pRB also accumulates upon dierentiation. The fact that levels of active pRB exceed these of E2F present in dierentiating cells suggests that pRB might have other targets during this process. The importance of these targets is best supported by the fact that some Rb mutants defective in E2F binding and transcriptional repression are still able to induce tissue-speci®c gene expression and promote dierentiation when expressed in the Rb 7/7 SAOS2 osteosarcoma cell line (Sellers et al., 1998) .
One of these targets, HBP1, appears to also play a role in terminal cell cycle exit and its coordination with onset of tissue-speci®c gene expression (reviewed in Yee et al., 1998) . HBP1 is a transcriptional repressor belonging to HMG family of transcription factors. It has two pRB family binding LXCXE peptide motifs and has been shown to require interaction with either pRB or p130 in order to transcriptionally repress the promoter for N-MYC, a critical cell cycle gene (Lavender et al., 1997; Tevosian et al., 1997). The N-MYC promoter is activated by E2F transcription factors and HBP1 and E2Fs seem to have opposing eects on its transcription, with HBP1-mediated repression augmented and E2F-dependent activation reduced in presence of hypophosphorylated pRB. HBP1 is induced during dierentiation of C2C12 myogenic cell line with approximately the same kinetics as pRB and p130. Forced expression of HBP1 in the presence of pRB or p130 leads to cell cycle arrest suggesting that alongside pRB it might play a role in initiation and establishment of cell cycle exit by repressing transcription of cell cycle genes.
Unexpectedly, expression of HBP1 not only causes cell cycle withdraw but also blocks muscle differentiation of the C2C12 cell line . HBP1 does not interfere with upregulation of Myf5, the ®rst of MyoD family transcription factors expressed in dierentiating muscle cells. Instead, in a pRB or p130-dependent manner, HBP1 disrupts Myf5 transcriptional activity thus preventing expression of later Figure 1 Two models of coordination of cell cycle exit and induction of cell type-speci®c gene expression during differentiation. (a) Early muscle-speci®c transcription factor MyoD induces expression of p21 cdk inhibitor causing inactivation of cyclinD/ cdk4 complexes and dephosphorylation of pRB. Active, hypophosphorylated pRB binds and inactivates E2F family transcription factors, thus causing exit from the cell cycle and induction of resistance to apoptosis. pRB also augments MyoD transcriptional activity contributing to accumulation of p21 as well as to transcriptional activation of genes involved in muscle differentiation. (b) At low pRb/HBP1 ratio HBP1, in a pRB or p130 dependent manner, inhibits transcription of cell cycle genes such as N-MYC and cyclinD1 and causes exit from mitosis. At the same time it interferes with transcriptional activity of Myf5, preventing expression on MyoD and myogenin and blocking further dierentiation. As hypophosphorylated pRb accumulates, ratio of pRb/HBP1 increases leading to augmentation of Myf5 activity and full dierentiation members of the MyoD family, including myogenin and MyoD itself. The dierentiation block can be overcome by expression of myogenin or MyoD. Overexpression of pRB also relieves HBP1-imposed myogenic differentiation block. It has been proposed that the relative ratio of pRB/HBP1 determines whether only cell cycle exit or full dierentiation occurs (Figure 1b) . At low pRB/HBP1 ratios, cells exit the cell cycle but pRBmediated expression of muscle speci®c genes is blocked. As pRB/ HBP1 ratios increase, MyoD family transcriptional activity is activated and full differentiation proceeds. This scenario presents another way of coordinating tissue-speci®c gene expression with permanent withdraw from the cell cycle. The temporary block in dierentiation allows cells sufficient time to increase levels of hypophosphorylated pRB and ensure proper arrest before proceeding with further stages of dierentiation.
It is at present unknown whether regulation of cell cycle exit by pRB-dependent suppression of E2F activity and regulation by interaction with HBP1 occur in the same cell types. The function of the E2F family proteins during dierentiation has been most extensively described in neuronal and erythroid lineages, while HBP1 (although ubiquitously expressed) has been thus far studied primarily in muscle. It is possible that the two systems co-exist and augment each other to ensure the reliability of the cell cycle withdraw and its coupling to induction of dierentiation. A possible model that integrates E2F and HBP1 regulation by pRB might have hypophosphorylated pRB accumulating during early stages of dierentiation, binding and inactivating E2F family factors, and leading to decreased transcription of cell cycle genes. As HBP1 protein levels also increase, HBP1/pRB complexes can bind to and further inactivate promoters of these genes. This complementary action of E2F/pRB and HBP1/pRB complexes eventually would lead to transcriptional repression of mitotic genes and cell cycle exit. Alternatively, dierent cell types could utilize dierent methods to achieve post mitotic state.
Prevention of cell cycle re-entry
pRB has been demonstrated to be essential for maintenance of post mitotic state in vitro in muscle and in some neuronal dierentiation systems. Rb
7/7
MEFs are able to dierentiate into muscle when stimulated by ectopic expression of MyoD (Novitch et al., 1996; Schneider et al., 1994) . p107 is upregulated in this setting and it is thought to substitute for the loss of pRB. Unlike wild-type cells, Rb 7/7 myotubes are unable to remain post-mitotic when stimulated with high concentration of serum, demonstrating an essential role of pRB in prevention of cell cycle reentry. Expression of either p107 or p130 in Rbde®cient myotubes decreases the proportion of cells entering the S phase upon serum stimulation by 22 and 42%, respectively (Novitch et al., 1996) . This demonstrates that p130 and, to a lesser degree, p107 are able to partially substitute for pRB in prevention of cell cycle re-entry of dierentiated myocytes, but only pRB is capable of complete maintenance of G 0 arrest.
The role of pRB in maintenance of the dierentiated state in neurons is less clear. As mentioned above, inappropriate cell cycle entry, followed by wide spread apoptotic cell death occurs in Rb 7/7 embryos at the time when neuronal precursors should be becoming post-mitotic and dierentiating. Due to the embryonic lethality, it is impossible to determine whether pRB is necessary only for initial cell cycle exit of neuronal precursor cell or if it also plays a role in the maintenance of the quiescent state in mature neurons. To solve this problem, several groups have expressed mutant viral oncoproteins able to bind the pRB family (but not p53 or p300) in order to functionally inactivate the pocket proteins speci®cally in mature neurons. When such a mutant of SV40 large T antigen is expressed in fully dierentiated Purkinje cells in vivo, it causes inappropriate cell cycle entry and eventual death of these neurons (Feddersen et al., 1995) . This suggests that the pRB family is necessary for survival of post-mitotic neurons. However, this might not always be the case, as expression of adenovirus E1A mutant in in vitro cultured post-mitotic cortical neurons has no eect on their viability or cell cycle re-entry (Slack et al., 1998) . The discrepancy in the results obtained from the two experiments might be due to dierent growth conditions. In the ®rst case, the neurons were observed in vivo, where high levels of nutrients and growth factors are present. This resembles the situation detected in the muscle, where serum treatment is necessary to induce Rb 7/7 myotubes to re-enter the cell cycle. In the second experiment, the neuronal cells were cultured under de®ned conditions in serum-free medium. Alternatively, the dierences could be due to dierent properties of Purkinje versus cortical neurons.
The mechanisms by which pRB and its family members act in the maintenance of post-mitotic state are, as yet, unknown. It is likely that they involve suppression of E2F activity and possibly sequestration of cyclin/cdk complexes by p107 and p130 (Kiess et al., 1995) . HBP1 involvement has also been proposed, as transgenic expression of this gene in mouse liver prevents cell cycle re-entry upon injury . Other targets of the pRB family might also emerge as critical components of this mechanism.
Induction of tissue-speci®c gene expression
In addition to induction and maintenance of permanent cell cycle withdraw through negative regulation of genes involved in proliferation, pRB also plays a positive role in the induction of tissue-speci®c gene expression. Although the exact mechanisms of this induction vary depending on the cell type involved, in general they involve pRB-dependent augmentation of activity of tissue-speci®c transcription factors. Based, among other evidence, on the phenotype of Rb 7/7 embryos, pRB is not believed to be required for commitment to dierentiation and expression of early tissue speci®c transcription factors. However, in the absence of hypophosphorylated pRB, at least some of these factors seem unable to eciently activate transcription of genes required for full dierentiation. For example, Rb 7/7 MEFs induced to dierentiate into muscle by expression of MyoD are able to express early muscle markers (such as myogenin and MEF2) but have reduced levels of late genes (myosin heavy chain (MHC) and muscle creatine kinase (MCK)) (Novitch et al., 1996) . Similarly, Rb 7/7 mouse embryo lung bud ®broblasts (ELFs) can be induced to express early adipose markers (C/EBPb and PPARg1) but not the later ones (C/EBPa and PPARg2) (Chen et al., 1996a) .
As discussed above, the importance of the interactions of pRB with non-E2F factors has been best demonstrated through analysis of Rb mutants incapable of binding E2F family members or induction of G1/S arrest, but still able to augment MyoD transcriptional activity and induce tissue-speci®c gene expression (Sellers et al., 1998) . This suggests that at least some of the dierentiation-speci®c targets interact with pRB through mechanisms other than binding to the A/B pocket domain. For example, the NF-IL6 transcription factor, which is important in monocyte/ macrophage and adipose lineage dierentiation, has been shown to interact with pRB through two distinct domains, only one of which shows similarity to the pRB binding region of E2F1 (Chen et al., 1996b) . It is not known whether NF-IL6, or any other tissuespeci®c transcription factor, is able to bind the pRB mutants capable of induction of dierentiation but not cell cycle arrest.
bHLH family
The basic helix ± loop ± helix (bHLH) family of transcription factors (including Myf5, MyoD, myogenin and Mrf4) has been shown to play a crucial role in muscle dierentiation (reviewed in: Arnold and Winter, 1998; Yun and Wold, 1996) . Together with E protein binding partners, they directly activate muscle-speci®c gene expression. It has been demonstrated that expression of pRB is able to signi®cantly upregulate MyoD transcriptional activity and induce expression of late muscle dierentiation markers, MHC and MCK (Gu et al., 1993) . Expression of either p107 or p130 in Rb-de®cient muscle precursors can to some extent augment MyoD transcriptional activity and upregulate expression of MHC and MCK, but functional pRB is necessary for their full induction. It is unclear if direct MyoD/pRB interaction is involved as attempts to demonstrate pRB/MyoD binding in vivo have given con¯icting results (Gu et al., 1993) .
Recently, it has been suggested that pRB and MyoD might also cooperate in activation of the MEF2 transcription factor, which, along with the MyoD family, is required for late muscle-speci®c gene expression (Novitch et al., 1999) . Without pRB, expression of MyoD induces accumulation of MEF2 that remains transcriptionally inactive. Only in presence of MyoD and pRB is the transcriptional activity of MEF2 stimulated. However, the requirement for pRB in MEF2-dependent transcription of muscle genes can be partially bypassed by coexpression of MyoD and constitutively active MEF2 (Novitch et al., 1999) , suggesting that one of the roles of pRB in muscle dierentiation is MyoD-dependent activation of MEF2. Muscle dierentiation mediated by MyoD and activated MEF2 is further augmented by co-expression of chimeric E2F1-pRB protein that blocks the cell cycle progression. This result demonstrates that both pRB-mediated induction of muscle gene expression and pRB-dependent cell cycle exit contribute to full muscle dierentiation.
bHLH transcription factors have also been implicated in neurogenesis (reviewed in Kageyama et al., 1997; Lee, 1997) but no interaction with pRB has been demonstrated thus far.
C/EBP family
CCAAT/enhancer-binding proteins (C/EBPs) play a pivotal role in the adipose (C/EBPa, b and g and NF-IL6) (reviewed in Darlington et al., 1998) and in the monocyte/macrophage lineage (NF-IL6). pRB has been shown to directly bind to C/EBPb and NF-IL6 in vivo and to enhance their sequence speci®c DNA binding and transactivation ability (Chen et al., 1996a,b) . Interestingly, pRB does not seem to be present in either C/EBP or NF-IL6/DNA complexes suggesting that it might play a chaperone-like role in activation of both transcription factors.
In addition to mechanisms involving direct binding, pRB might be able to augment C/EBP transcriptional activity indirectly, through activation of PPARg family (Hansen et al., 1999) . For example, due to the defect in activation of C/EBP transcriptional activity Rb
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ELFs are unable to undergo full adipose differentiation. However, this block can be overcome by expression of activated version of PPARg1, a liganddependent steroid-thyroid receptor which cooperates with C/EBPb in transcriptional activation. Addition of activating PPARg ligand is also able to induce adipose conversion in cells expressing wild-type PPARg1 in absence of pRB. Resulting fat cells exit cell cycle normally following clonal expansion, express late dierentiation markers and accumulate lipid. This suggests that, unlike muscle, function of pRB in adipose dierentiation can be bypassed by ligandinduced activation of endogenous PPARg1.
Other pRB binding proteins
Recently several other types of proteins have been demonstrated to directly interact with pRB, p107 and p130 and in¯uence the dierentiation process. They include a family of transcription factors with a pairedlike homeodomains such as Mhox, Chx10 and Pax-3 which are involved in determination of cell fate in early embryogenesis (reviewed in: Arnold and Winter, 1998; Borycki and Emerson, 1997) . For example, pRB has been shown to directly repress the transcriptional activity of Pax-3 (Wiggan et al., 1998) . Pax-3 is expressed in myogenic precursors in the lateral dermamyotome where it directs expression of c-met, a gene necessary for migration of these precursors to the limb buds. As the cells reach the limb bud, they proceed to exit the cell cycle; pRB expression is induced, resulting in reduced Pax-3 activity and decrease in c-met gene product levels. At the same time, MyoD expression is initiated and precursor cells proceed to terminally dierentiate. This suggests that in addition to coupling cell cycle exit with initiation of tissue-speci®c gene expression, pRB might also coordinate some of the events preceding the differentiation process.
Another recently identi®ed protein interacting with pRB speci®cally in dierentiated neurons is NPR/B (nuclear restricted protein in brain). NPR/B is a nuclear matrix protein upregulated during neuronal dierentiation (Kim et al., 1998) . Overexpression of NRP/B in dierentiating neurons augments neuronal process formation, while its inhibition with antisense oligonucleotides interferes with this process. Since NRP/B binds directly to hypophosphorylated pRB, this suggests that the RB protein might be also involved in some of the late dierentiation processes.
Conclusions
In the recent years evidence has been accumulating that pRB and its close relatives, p107 and p130, play important roles in the process of terminal differentiation. In particular pRB appears to be involved in multiple steps of dierentiation, from induction and implementation of irreversible exit from mitosis, to protection from apoptosis and prevention of cell cycle re-entry, to induction of tissue-speci®c gene expression. The fact that pRB plays a role in control of all these steps of the dierentiation process suggests that it could also participate in regulation of their proper timing and orderly progression. In fact, pRB has been shown to couple cell cycle exit and induction of tissuespeci®c gene transcription by at least two distinct mechanisms, involving suppression of E2F activity and regulation of HBP1 function. Although it has to be yet demonstrated that the two processes occur in the same tissues, it is tempting to speculate that such redundancy would be needed in order to ensure ®delity of this important process. pRB performs its function in both cell cycle regulation and in dierentiation mainly through interaction with and modi®cation of the activity of transcription factors involved in these processes. In the regulation of G1/S transition pRB acts primarily to bind and repress the activity of E2F family transcription factors. During the dierentiation process, the role of the RB protein seems much more complex, as it can interact with many diverse transcriptional regulators (Table 1 ). Additionally, pRB is able to regulate these factors in either positive (for example HBP1 and tissuespeci®c transcription factors) or negative (E2F family and paired-like homeodomain proteins) ways. This unexpected diversity of pRB functions is only now being explored as many more pRB binding proteins are being identi®ed and their modes of operation elucidated.
Not all of the pRB functions in development seem to proceed in a cell-autonomous manner. As evident from the study of chimeric Rb
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:Rb +/+ mice, presence of pRB in all cells is not required in order to suppress the embryonic lethality. It is, at present, unclear which functions of pRB occur cell-autonomously and which in a non-cell autonomous manner. The non-cell autonomous mechanisms are also still obscure.
In many instances pRB has been demonstrated to play a unique role in dierentiation, while in others p107 and p130 appear to be able to at least partially substitute for its loss. The speci®c functions of p107 and p130 are more dicult to de®ne, as these proteins show considerable functional redundancy and are able to largely substitute for each other in regulation of both, cell cycle and dierentiation. Interestingly, the function of both p107 and p130 seems to be greatly aected by the genetic background. Further characterization of this eect should provide important clues to the developmental function of the pRB family members as well as help identify other factors directly or indirectly interacting with these proteins.
In addition to mammals, pRB family homologs have been identi®ed and shown to play a role in cell cycle regulation and dierentiation in both Drosophila (Du et al., 1996) and C. elegans (Lu and Horvitz, 1998) . Once again, E2F regulation has been implicated as a major component of this function. However, in light of the growing evidence for additional pathways involving the pRB family in mammalian systems, one can anticipate that the same will be true in invertebrates. Collectively, the study of these diverse systems should help to elucidate the full spectrum of action of this important class of proteins. 
